The presence of cholinergic nerves in cere bral arteries of several species was investigated by an immunohistochemical method using antibodies against choline acetyl transferase (ChAT). In cats, pigs, rats, and dogs, ChAT immunoreactivities were found to be asso ciated with large bundles and single fibers in the circle of Willis and anterior cerebral, middle cerebral, and basilar arteries. In the rabbit, the ChAT-immunoreactive (ChAT I) nerves were also observed in the circle of Willis and anterior and middle cerebral arteries, but only few or none were found in the basilar and vertebral arteries. The ChAT-I nerves were found only in the adventitial layer
Ultrastructural studies have demonstrated the presence of nonsympathetic nerves in brain arteries of several species (I wayama et al. , 1970; Owman et aI. , 1974; Lee, , 1982b . Since the vesicle pro file in these nerves was similar to that found in motor nerve terminals and since acetylcholines terase (AChE)-positive nerves were present in ce rebral blood vessels (Edvinsson et aI., 1972) , these nonsympathetic nerves were assumed to be cholin ergic (Iwayama et aI. , 1970; Edvinsson et aI. , 1972) .
Although AChE is not a specific marker for cho linergic nerves (Hume and Waterson, 1978; Chubb et aI. , 1980; Wallace, 1981) , the presence of cholin ergic innervation in cerebral blood vessels was fur ther supported by biochemical demonstrations of choline acetyltransferase (ChAT) activity, high con tent of endogenous acetylcholine (ACh), and high-of vessels examined. Superior cervical ganglionectomy did not appreciably affect the distribution of ChAT-I nerves. These results indicate the presence of cholinergic nerves in cerebral arteries. The distribution pattern of ChAT-I nerves was different from that of vasoactive in testinal polypeptide (VIP)-like-immunoreactive nerves and acetylcholinesterase-positive nerves. The possible coexistence of ChAT and VIP-like substance in the same neuron is discussed. Key Words: Acetylcholinesterase Cerebral arteries-Choline acetyltransferase-Cholin ergic nerves-Immunohistochemistry-Vasoactive in testinal polypeptide. affinity uptake of choline in these arteries (Florence and Bevan, 1979; Duckles, 1981 Duckles, , 1982 . These bio chemical parameters were found to be similar in both rabbit and cat basilar arteries. However, the morphological studies have shown that the inci dence of nonsympathetic nerves in the cat basilar artery is considerably higher (by 37 times) than that in the rabbit basilar artery (Lee et aI. , 1980; Lee, , 1982b . This discrepancy between biochem ical and morphological observations has led to the suggestion of the presence of a nonneuronal cholin ergic system in cerebral arteries (Duckles, 1982) .
Results from in vitro pharmacological studies have also indicated that neither the constrictor nor the dilator response induced by transmural nerve stimulation is affected by atropine or physostigmine (Lee et aI. , 1976 (Lee et aI. , , 1978 (Lee et aI. , , 1982 . The role of cholin ergic innervation in controlling cerebral arteries has been further questioned (Lee, 1980 (Lee, , 1982a .
Recently, several cholinergic neurons and projec tions have been identified by immunohistochemical methods using antibodies against ChAT (Chan Palay et aL, 1982a,b; Chao et aI. , 1982; Sofroniew et aI. , 1982; Furness et aI. , 1983; Levey et aI. , 1983; Woolf et aI. , 1983) . In the present study, the distri bution and localization of ChAT immunoreactivities in cerebral arteries were visualized by immunohis tochemical methods with antibodies against the pu rified ChAT preparations. In addition, the identity of ChAT immunoreactivities, namely, neuronal versus nonneuronal, is also discussed.
METHODS
Adult cats (2.5-3.8 kg) of either sex, male white rabbits (1. 8-2. 7 kg), mongrel dogs of either sex, and male Wistar-Kyoto rats were anesthetized with sodium pento barbital (50 mg/kg i.p. or i. v.). Pig brain arteries were obtained from a local slaughterhouse. Brain arteries were fixed by immersion fixation or by perfusing the brain in situ with fixative. Periodate-lysine-paraformaldehyde fix ative (McLean and Nakane, 1974) was used for ChAT like immunofluorescence, and Zamboni's fixative (Ste fanini et aI. , 1967) was used for vasoactive intestinal poly peptide (VIP)-like immunofluorescence. The brain arteries were fixed for a total of 4-24 h at 4°C. Then the tissue was dehydrated, cleared with xylene, and rehy drated (Costa et aI. , 1980) . In some experiments, tissues were frozen after fixation. Cryosections of 10-12 f.Lm were then obtained on a CTD microtome cryostat (Damon/IEC Division, Needham Hts. , MA, U. S. A. ) and mounted on gelatin-coated slides.
Purification of ChAT
ChAt was purified from bovine brain by the initial ex traction of the enzyme activities from the brain gray matter, followed by ammonium sulfate fractionation, column chromatographics on gel filtration, calcium phos phate gel and DEAE cellulose, and finally by preparative polyacrylamide gel electrophoresis (Wu et aI., 1979) . The purified enzyme preparations migrated as a single protein band on polyacrylamide gel electrophoresis that coin cided with the ChAT activity. The details of the purifi cation procedure were described previously in our puri fication of ChAT from Torpedo (Brandon and Wu, 1978) and catfish brain (Su et aI. , 1980) .
Production and characterization of antibodies
Antibodies specific to bovine brain ChAT were pre pared by injecting a total of 50-200 f.Lg of purified ChAT preparations over a period of 2-3 months. The specificity of the anti-ChAT was established by immunodiffusion, enzyme inhibition, and microcomplement fixation tests (Wu et aI. , 1979) . The details of immunochemical tech niques used were described previously in the character ization of antibodies against L-glutamate decarboxylase (Wu, 1983) . Anti-ChAT serum has been used for the iden tification of cholinergic neurons in mammalian central and peripheral nervous system (Chan-Palay et aI. , 1982a, b; C. T. Lin et aI., unpublished observations).
Immunofluorescence
The specimens were processed for an indirect immu nofluorescence method. Antibodies against ChAT and an tibodies against VIP (Immunonuclear Corp., Stillwater, MN, U.S. A. ) were used at a dilution of 1 :200 and) :400, respectively. Tissues were incubated with the primary an tibodies for 16-20 h. After a brief wash with phosphate buffered saline, fluorescein isothiocyanate-conjugated anti-rabbit immunoglobulin G (Sigma, St. Louis, MO, U. S. A. ) was applied (1 :40) and tissues were incubated for J Cereb Blood Flow Metabol, Vol. 5, No.2, 1985 I h at room temperature. The specimens were mounted in buffered glycerol and examined in a Zeiss fluorescence microscope. Preimmune serum or anti-ChAT serum preadsorbed with an excess of pure ChAT was applied in some preparations that served as controls. The exact identity of the ChAT-and VIP-immunoreactive (I) ma terials is still unclear. Cross-reactivity with other proteins and peptides, containing the antigenic sequences of ChAT and VIP, respectively, cannot be excluded. For brevity, however, the ChAT-like and VIP-like material are re ferred to as ChAT immunoreactivity and VIP immuno reactivity, respectively, in the text.
AChE staining
AChE-positive nerves in whole-mount preparations of arteries were stained using a modified "direct coloring" thiocholine technique of Karnovsky and Roots (1964) as described in a previous report (Lee et al. , 1978) . Pseu docholinesterase activity was blocked by treating arterial preparations with 10 -5 M tetraisopropylpyrophos phoramide.
Catecholamine fluorescence
Neuronal catecholamine (CA) fluorescence was in duced by glyoxylic acid (Axelsson et aI. , 1973) as previ ously described (Araki et aI. , 1981) ,
Superior cervical ganglionectomy
In some experiments, uni-or bilateral superior cervical ganglionectomy was performed in cats. The ganglia were removed under anesthesia. Animals were treated with a combination of acepromazine (0.2 mg/kg i.m. ) and ke tamine (20 mg/kg i.m.) 1 or 2 weeks before the experiment (Araki et aI. , 1981) . The successful de nervation was con firmed by the complete disappearance of CA fluorescence in cerebral arteries.
RESULTS
In the cat, large bundles of ChAT-I nerves were found to innervate, in the longitudinal direction, most cerebral arteries (anterior cerebral, middle ce rebral, basilar, and internal carotid arteries) ( Fig.  1) . Occasionally, fine single fibers were seen to branch out from these large bundles. These fine single fibers were usually oriented either longitu dinally or circularly along the artery. The large bun dles were found to be composed of many fine fibers. Tissues treated with nonimmune serum did not re sult in any positive immunofluorescence.
The distribution of ChAT-I nerves in cerebral ar teries of other species such as pig, rat, and dog was similar to that of the cat; large bundles of fibers and occasionally fine fibers were observed (Fig. 2) . In the rabbit, fine fibers of ChAT-I nerves were also found in the middle cerebral artery and circle of Willis (anterior communicating and internal carotid artery) (Fig. 2) . However, only very few or no nerves were found in the basilar and vertebral ar teries of the rabbit. The distribution of ChAT-I nerves in cerebral arteries of several species is sum marized in Ta ble I. Following superior cervical ganglionectomy, ChAT-I nerves were still present (Fig. 3A, B) , whereas CA-fluorescent nerves (Fig. 3C ) disap peared completely (Fig. 3D) .
The distribution of ChAT-I, VIP-I, and AChE positive nerves in the whole-mount preparations of cat internal carotid arteries is shown in Fig. 4 . The mesh-like, fine VIP-I nerves were distributed in lon gitudinal and circular directions of the vessel (Fig.  4B) . Occasionally, VIP-I nerve bundles were also observed. Large bundles of AChE-positive nerves were oriented longitudinally along the brain arteries (Fig. 4C) . The mesh-like, small fine AChE-positive fibers, like VIP-I nerves, were found to be distrib uted in the longitudinal and circular direction of the vessel wall. Since ChAT-I nerves consist primarily of large bundles of fibers, it was difficult to quantify the density of innervation. Accordingly, quantita tive analysis of the density of ChAT-I-, VIP-I-, and AChE-containing nerves was not performed.
From cross sections of arterial preparations, ChAT immunoreactivity was found only in the ad ventitial layer of cerebral arteries (Fig. 5 ). ChAT immunoreactivity was never detected in muscle and endothelial layers. Consistent with the result seen in whole-mount preparation, ChAT immunoreac tivity was not detected in cross sections of the rabbit basilar artery.
DISCUSSION
Results of the present study demonstrated for the first time that ChAT immunoreactivity is present in cerebral arteries. ChAT immunoreactivity, which appeared to be associated with bundle-like and fine fibers, was found only in the adventitial layer. The bundle-like fibers were found to consist of many single fine fibers. These results provide strong ev idence for the presence of ChAT-I nerves in cere bral blood vessels.
It has been generally accepted that ChAT, which catalyzes the biosynthesis of ACh, is a specific marker for cholinergic nerves (Hebb, 1972; Rossier, 1977) . Accordingly, cholinergic nerves in the central (Chan-Palay et aI. , 1982b; Sofroniew et aI. , 1982; Levey et aI. , 1983; Woolf et aI. , 1983) and periph eral (Chan-Palay et aI. , 1982a,b; Furness et aI. , 1983) nervous systems have been identified by dem onstrating the presence of ChAT immunoreactivity. The antibodies used in the present study have been extensively characterized (Wu et aI. , 1979) and were previously used for the identification of cho linergic neurons at the light microscopic and ultra structural levels (Chan-Palay et aI. , 1982a,b) . The presence of ChAT-I nerves in cerebral arteries in the present study therefore provides strong evi dence that cerebral arteries are innervated by cho linergic nerves.
Ultrastructural studies have shown that agranular vesicle-containing nerves and granular vesicle-con taining nerves are present in the adventitial layer of most cerebral blood vessels (Iwayama et aI. , 1970; Owman et aI. , 1974; Lee, 1981, 1 982b) . The agran ular vesicle-containing nerves are nonsympathetic and the granular vesicle-containing nerves are sym pathetic since the latter but not the former disap peared after superior cervical ganglionectomy (lwayama et aI. , 1970; Owman et aI. , 1974; Lee, , 1982b . Furthermore, superior cervical gan glionectomy, which abolished the CA-fluorescent nerves, did not appreciably affect the ChAT-I nerves, indicating that ChAT-I nerves are not as sociated with sympathetic nerves.
The distribution of agranular vesicle-containing nerves has been shown to be species and region variable . Only 3% of total nerve terminals were of this type in the rabbit basilar ar tery. Preliminary results indicate that the rabbit an- terior and middle cerebral arteries contain more agranular vesicle-containing nerves than does the basilar artery (Saito and Lee, 1983) . On the other hand, 60% of total nerve terminals in the cat and rat basilar arteries were found to be agranular ves icle-containing nerves (Lee et aI. , 1980; Lee, , 1982b . The agranular vesicle-containing nerve ter minals were found to be 37 times more dense in the cat than in the rabbit basilar artery . These findings and the results of the present study indicate that cat and rat basilar and rabbit internal carotid and middle cerebral arteries, which contain a substantial amount of agranular vesicle-containing nerves, receive significant ChAT-I nerves, and that the rabbit basilar artery, which contains very few agranular vesicle-containing nerves, receives sparse or no ChAT-I nerves. Thus, the distribution of ChAT-I nerves seems to parallel the density of agranular vesicle-containing nerves. This observa tion together with the finding that agranular vesicle containing nerves and ChAT-I nerves (in the present study) are both confined in the ad ventitial layer suggests that the latter are associated with the former.
Results of the present study, however, do not support those from biochemical studies that show that ChAT activity, ACh content, and high-affinity J Cereb Blood Flow Me/abol, Vol. 5, No.2, /985 choline uptake are comparable between the rabbit and cat basilar arteries (Florence and Bevan, 1979; Duckles, 1981) . The low incidence of agranular ves icle-containing nerves in the rabbit basilar artery has led to the suggestion of the potential presence of a nonneuronal cholinergic system in rabbit ce rebral arteries (Duckles, 1982) , as has been shown in the primate placenta (Sastry and Sadavongvivad, 1979) . This possibility is rather unlikely because the bundle-like ChAT immunoreactivities are most likely to be cholinergic neurons, as described above. In addition, no ChAT-I nerves were detected in muscle and endothelial layers, where no inner vation has been demonstrated (lwayama et aI. , 1970; Owman et aI. , 1974; Lee, 1982b) . Further, ChAT immunoreactivity has not been detected in any other structures except these fine fibers and bundle-like structures in the blood vessel wall. The discrepancy between biochemical and morpholog ical results remains to be solved. However, it should be pointed out that the method used in the biochemical estimation of ChAT activity (Florence and Bevan, 1979; Duckles, 1981) is based on the rate of synthesis of ACh from choline (Fonnum, 1975) . It has been shown that carnitine acetyltrans-ferase (CarAT) also acetylates choline (White and Wu, 1973; Rossier, 1977; Tucek, 1982) . The syn thesis of ACh by CarAT as well as by ChAT has been shown in cardiac (White and Wu, 1973) and skeletal (Tucek, 1982) muscle. It was estimated that about one-half of the ACh synthesized from choline in innervated skeletal muscle was catalyzed by CarAT (Tucek, 1982) . Although it is not known whether vascular smooth muscles also contain CarAT, a small but significant amount of acetylated products that are not synthesized by ChAT has been demonstrated in denervated ear arteries of the rabbit (Florence et aI. , 1981) . Since the studies per formed by Florence and Bevan (1979) and Duckles (1982) did not correct for the synthesis of ACh by CarAT, the ChAT activity in cerebral arteries re ported by these authors could be overestimated. It has been suggested that ACh and VIP coexist in parasympathetic nerve terminals innervating the salivary gland on the basis of the coexistence of AChE-and VIP-like immunoreactivity (Lundberg et aI. , 1979; Lundberg, 1981) . In cerebral arteries, the distribution patterns of VIP-I and ChAT-l nerves appear to be different. Most VIP-I nerves were shown to be mesh-like, fine fibers directed longitudinally and circularly along the artery. On the other hand, ChAT-I nerves were mostly large bundle fibers and few fine fibers. The distribution of AChE-positive nerves, which consisted of mesh like, fine fibers and bundle-like fibers, was also dif ferent from that of ChAT-I and VIP-I nerves. It seems that AChE-positive nerves are a combination of VIP-I and ChAT-I nerves. Although quantitative analysis remains to be presented, this result sug gests that AChE-positive nerves are associated with not only cholinergic but also noncholinergic nerves. This latter finding is consistent with those reported by others (Chubb et a\. , 1980; Wallace, 1981) . The demonstration of a lack of correlation between the staining for AChE and for ChAT in cerebral blood vessels appears to be different from that found in the central nervous system. Satoh et a\. (1983) have shown a good correlation between neuronal AChE and ChAT stainings in most brain regions of the nervous system. Although the innervation pattern of ChAT-I, VIP-I, and AChE-positive nerves was not examined in the same arterial preparation, by virtue of the appreciable qualitative differences in their appearance (bundles versus fine fibers), it seems reasonable to conclude that in cerebral ar teries there are distinct populations of neurons that contain only ChAT immunoreactivity but not VIP immunoreactivity and vice versa. The possibility of the coexistence of ChAT immunoreactivity and VIP immunoreactivity in some nerves in cerebral ar teries, however, cannot be excluded.
